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(57) ABSTRACT 

A monitoring system monitors and/or predicts drowsiness of 
a driver of a vehicle or a machine operator. A set of infrared or 
near infrared light sources is arranged such that an amount of 
the light emitted from the light source strikes an eye of the 
driver or operator. The light that impinges on the eye of the 
driver or operator forms a virtual image of the signal sources 
on the eye, including the Sclera and/or cornea. An image 
sensor obtains consecutive images capturing the reflected 
light. Each image contains glints from at least a Subset or from 
all of the light sources. A drowsiness index can be determined 
based on the extracted information of the glints of the 
sequence of images. The drowsiness index indicates a degree 
of drowsiness of the driver or operator. 
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EYE CLOSURE DETECTION USING 
STRUCTURED LLUMINATION 

RELATED APPLICATIONS 

0001. This application claims the benefit of U.S. Provi 
sional Application Ser. No. 61/164,514 filed Mar. 30, 2009, 
the entire contents of which are incorporated herein by refer 
CCC. 

FIELD OF THE INVENTION 

0002 The invention generally relates to systems and 
methods for monitoring and predicting driver vigilance, and 
in particular, to systems and methods for monitoring and 
predicting drowsiness and sleep onset of for example, 
vehicle drivers. Other typical applications may include moni 
toring the pilot of an aircraft, and in areas involving related 
occupations such as train drivers and operators of equipment 
Such as cranes and industrial machinery in general. 

BACKGROUND 

0003 Impairment of alertness in vehicle operators poses a 
danger not only to themselves but also often to the public at 
large. Thousands of deaths and injuries result each year that 
are fatigue related. Moreover, the financial costs as a result of 
the injuries and deaths are prohibitive. As a result, significant 
efforts have been made in the area of vigilance monitoring of 
the operator of a vehicle to detect the decrease in attention of 
the operator due to drowsiness and to alert her/him. 
0004 Conventional driver vigilance monitoring tech 
niques fall within the following broad classes: 1) image 
acquisition and processing of facial features Such as eye and 
head movements; 2) image acquisition and processing of road 
lane maintaining capability and 3) monitoring of the physi 
ological responses of the body while driving. 
0005. However, there are several limitations with the 
existing technologies. A vigilance monitoring techniques 
based on monitoring physiological responses of the body like 
EEG and ECG, are intrusive, expensive and can distract or 
cause annoyance to the driver. In for example, U.S. 
20040044293, a system for monitoring, recording and/or 
analysing vigilance, alertness or wakefulness and/or a 
stressed State of an operator of equipment or machinery in a 
variety of situations including situations wherein the degree 
of vigilance of the operator has implications for the safety or 
well being of the operator or other persons. 
0006. The monitoring system according to U.S. 
20040044293 is designed, interalia, to provide non-invasive 
monitoring of a driver's physiological data including move 
ment activity, heart activity, respiration and other physiologi 
cal functions. The monitored physiological data may undergo 
specific analysis processing to assist in determining of the 
driver's state of vigilance. The system is designed to detect 
various states of the driver's activity and detect certain con 
ditions of driver fatigue or relaxation state that could lead to 
an unsafe driving condition or conditions. 
0007. The system includes means or a device for gathering 
movement data associated with the driver including a plural 
ity of sensors such as touch sensitive mats placed in locations 
of the vehicle that make contact with the driver, such as the 
seat, steering wheel, pedal(s), seatbelt or the like. Each loca 
tion may include several sensors or mats to more accurately 
monitor movements of the driver. 
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0008. A processing means or processor may be pro 
grammed to recognize particular movement signatures or 
patterns of movement, driver posture or profile and to inter 
pret these to indicate that vigilance has deteriorated or is 
below an acceptable threshold. The sensors or mats may 
include piezoelectric, electrostatic, piezo ceramic or strain 
gauge material. 
0009 Moreover, lane tracking methods require visible 
lane markings and even if present are significantly impaired 
by Snow, rain, hail, and/or dirt existing on the road. Nighttime 
and misty conditions are also impairments. 
0010 Existing image processing techniques used to track 
eyes and head patterns to track lane maintaining capability 
necessarily require expensive (both cost and computational 
requirement-wise) hardware to operate and are highly depen 
dent on factors such as, the relative position of the driver's 
head with respect to the sensors, illumination, and facial 
features and/or mental state of the driver, whether happy, 
anxious, or angry. Each of these indicators suffers from a 
relatively low probability of detecting drowsiness. Many of 
the measurements for indicating drowsiness do not 
adequately represent the responsiveness of the driver because 
of Such influences as road conditions, patterns and vehicle 
type. Moreover, the cost for these techniques is often prohibi 
tive. Even yet, more often than not, the existing techniques 
detect drowsiness when it may be too late for accident pre 
vention purposes. 
(0011. In U.S. 2007/0080816, a vigilance monitoring sys 
tem for alerting a driver of a vehicle upon detecting a state of 
drowsiness by calculation of a deviation between a time 
derivative of force and/or displacement exerted by the driver 
on a driver-vehicle interface, e.g., the steering wheel or the 
gas pedal, and a moving average for the time derivative of 
force and/or displacement to thereby quantify the state of 
drowsiness of the driver independent of conditions inside and 
outside the vehicle is disclosed. The system includes a sensor 
connected to at least one driver-vehicle interface to monitor 
force on and/or displacement of the driver-vehicle interface. 
The system also includes an intelligent control in communi 
cation with the sensor as well as a time derivative profile 
modeled from the time derivative of force and/or displace 
ment using the intelligent control. Included also is a general 
trend modeled from the moving average of the time derivative 
of force and/or displacement using the intelligent control. In 
addition, the system includes a spikiness index defined by a 
degree of deviation between the time derivative profile and 
the general trend to thereby quantify the state of drowsiness of 
the driver independent of conditions inside and outside of the 
vehicle. However, the system according to U.S. 2007/ 
008081.6 may require extensive processsing capabilities in 
order to compute the data needed for the determination of the 
state of drowsiness. 
0012 Inlight of the problems encountered within the prior 

art, there is a continuing need for improved systems and 
methods that are capable of detecting drowsiness under dif 
ferent and varying conditions such as under varying light 
conditions, varying weather conditions and varying road con 
ditions, for a diversity of driver physionomies and under the 
influence of other potentially disturbing factors such as usage 
of glasses etc., with a high degree of accuracy and reliability. 

BRIEF SUMMARY OF THE INVENTION 

0013 Thus, an object of the present invention is to provide 
improved systems and methods for detecting drowsiness 
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under different and varying conditions such as under varying 
light conditions, varying weather conditions and varying road 
conditions, for a diversity of driver physionomies and under 
the influence of other potentially disturbing factors such as 
usage of glasses etc., with a high degree of accuracy and 
reliability. 
0014. This and other objects of the present invention will 
become apparent from the specification and claims together 
with the appended drawings. 
0015. According to a first aspect of the present invention, 
there is provided a monitoring system for monitoring and/or 
predicting drowsiness of a driver of a vehicle or a machinery 
operator, the system being adapted to be arranged in the 
vehicle or at the machinery. The system comprises a set of 
infrared, IR, or near infrared, NIR, light sources, each light 
Source being arranged in the vehicle or at the machinery Such 
that an amount of the light emitted from the light source 
incidents on an eye of the driver or operator. The emitted light 
that impinges on the eye of the driver or operator thereby 
forms a virtual image of the signal source on the eye including 
the cornea. 

0016. An image sensor arranged and oriented Such that 
light reflected from the eye can be captured in an image and 
adapted to generate consecutive images forming a sequence 
of images over time, wherein each image contains glints from 
at least a Subset orall of the light sources, an image processing 
unit adapted to extract information of the glints in the images 
by processing the images using an image processing algo 
rithm, and a determining unit adapted to determine a drowsi 
ness index based on the extracted information of the glints of 
the sequence of images, wherein the drowsiness index indi 
cates a degree of drowsiness. 
0017. According to a second aspect of the present inven 

tion, there is provided a method for monitoring and/or pre 
dicting drowsiness of a driver of a vehicle or a machinery 
operator. The method includes emitting light using a set of 
infrared, IR, or near infrared, NIR, light sources, each light 
Source being arranged in the vehicle or at the machinery Such 
that an amount of the light emitted from the light source 
incidents on an eye of the driver or operator. The emitted light 
that impinges on the eye of the driver or operator thereby 
forms a virtual image of the signal source on the eye including 
the cornea. 

0018. Further, light reflected from the eye in an image is 
captured using an image sensor, consecutive images forming 
a sequence of images over time are generated, wherein each 
image contains glints from at least or all Subset of the light 
Sources, the images are processed to extract information of 
the glints, and a drowsiness index is determined based on the 
extracted information of the glints of the sequence of images, 
wherein the drowsiness index indicates a degree of drowsi 
CSS. 

0019 Eyelid closure has been shown to be a promising 
predicator of drowsiness and sleep onset but there have been 
problems with detecting the eyelid closure with a sufficient 
degree of accuracy and reliability, in particular, in varying 
conditions such as, for example, in varying light conditions, 
with respect to diversity of drive or operator physiognomies, 
with respect to usage of glasses, etc. The present invention 
provides systems and methods that are capable of detecting 
eye-lid position and eye opening/closure amplitude with a 
high degree of accuracy and reliability under varying condi 
tions. 
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0020. The present invention is based on the insight that a 
structured illumination of an eye, or a cornea, of a driver of a 
vehicle or a machiney operator can be used to detect an 
eye-lid position and an amplitude of eye opening/closure with 
a high degree of accuracy and reliability. This information 
may, in turn, be used to determine a drowsiness index indi 
cating a degree of drowsiness of the driver or operator. In 
particular, the present invention is based on the idea of arrang 
ing a set of IR or NIR illuminators or sources (e.g., LEDs), 
e.g., an array of IR illuminators, such that at least an amount 
of the light emitted from each illuminator directly, or via one 
or more reflections on Surfaces in a vehicle or of a machinery, 
impinges on an eye (cornea and/or Sclera) of the driver or 
operator. 
0021. Each illuminator will thereby produce a virtual 
image of itself on the cornea and, optionally, the Sclera, and 
thus forms a virtual image of the illuminator on the eye of the 
driver or operator. The light will be reflected by the eye and 
the glints or reflections are captured or acquired by an image 
sensor. Thereafter, the respective reflection from each illumi 
nator is identified by the image processing. When the eye is 
wide open, the glints from all illuminators can be identified in 
the sensor image of the eye and, for a semi-closed eye, the 
eye-lid will occlude some or all of the glints, and conse 
quently, only a Sub-set of the glints from the set of illumina 
tors can be identified in the sensor image. Based on this 
information regarding the identified glints, a position of the 
eye-lid can be determined. 
0022. In principle, the glint pattern of the sensor image 
functions as a measuring-rod in that depending on the number 
of reflections being visible? occluded at a given point of time, 
a measure of the closuring/opening degree of the eye can be 
determined and hence the eyelid position. By determining an 
amplitude measure corresponding to the closuring/opening 
degree over time, for example, an eye closure pattern over 
time can be determined. Such an amplitude measure may 
correspond to the following. 
0023. A spatial measure, for example, a center distance 
between a first identifiedglint and a last identified glint in the 
glint pattern or the half value distance between the first and 
the last glint. 
0024. A frequency measure. After (fast) fourier transform 

is the spectral width inversely proportional to the spatial 
width. If the glint pattern has a spatial extension of Delta X, 
the spectral width will be Delta f, where Delta X*Delta f-C 
(constant). In the frequency domain, the amplitude measure is 
equal to C/Delta f. 
0025. Using wavelets, the measure of overlap of the base 
function is valid in both the spatial and the frequency plane. A 
predetermined value may be given to each overlap in the 
spatial and frequency plane and the amplitude measure may 
correspond to a sum of the overlaps that satisfies predeter 
mined criteria. 
0026. The amplitude measures for successive images may 
form an amplitude curve over time corresponding to the eye 
movement cycles or eyelid positions over time of the driver or 
operator. 
0027. The drowsiness index may be based on one of or a 
combination of two or several of the following parameters 
a)-h) calculated from the time series of the amplitude measure 
(the amplitude curve over time): 
0028 a) a value of the amplitude measure during prede 
termined period of time corresponding to a predetermined 
number of images; and/or 
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0029 b) a negative time derivative of the amplitude mea 
Sure during the predetermined period of time and/or 
0030 c) a time derivative during the predetermined period 
of time; and/or 
0031 d) a period of time between two consecutive ampli 
tude values of the amplitude measure; and/or 
0032 e) a period of time when the amplitude measure is 
below a predetermined threshold during the predetermined 
period of time; 
0033 f) a period of time when the amplitude measure is 
above a predetermined threshold during the predetermined 
period of time; and/or 
0034 g) a time derivative profile of the amplitude measure 
of a sub-period of the predetermined period of time; and/or 
0035 h) a morphology of the amplitude measure during 
the predetermined period of time. 
0036. As the skilled person realizes, there are other param 
eters that also are conceivable. In one embodiment, the pre 
determined period of time corresponds to an eye lid move 
ment cycle, i.e., a period starting when the amplitude of the 
eye opening reaches a local peak value and ending when the 
amplitude of the eye opening has reached another peak value 
again after a period of eye closure, which corresponds to local 
minimum value of a period of time when the amplitude mea 
sure is below a predetermined threshold (i.e., a blink cycle of 
the eye). A minimum period of time depends on the sampling 
rate. The number of images obtained during Such a cycle will 
of course depend on the sampling rate of the image sensor and 
image processing unit. 
0037. An alert person blinks, to a large extent, with rapid, 
“re-wetting blinks. The typical movement pattern of such 
rapid blink is that the eye is closed very rapidly and is opened 
somewhat slower (the total blink length, i.e., the cycle from a 
fully open eye to a closed eye and back again to a fully opened 
eye, is about 100-300 ms). For a tired person, this rate of 
speed will be inverted or evened out in that the closure move 
ment and the opening movement will occurat approximately 
the same speed. This often occurs without an increased total 
length of the total blink length. An increased tiredness may 
also result in longer periods when the eye is closed. This is 
often accompanied by a much slower closure speed than the 
opening speed. 
0038. Furthermore, an increased tiredness may also result 
in a higher blinking frequency and more incomplete blinks 
(i.e., the eye is not completely closed, which is the case in 
“re-wetting blinks). These characteristics of increased tired 
ness can be approximated using the calculated parameters 
a)-h), and the drowsiness index may based on any one of or a 
combination of the relation between blinking amplitude and 
maximum closure speed; blinking frequency; or period of 
time during which the eye is closed integrated over a longer 
period of time (PERCLOS) or as a relation between slow 
blinks and fast blinks. 
0039. According to an embodiment of the present inven 

tion, the set of IR light Sources is an array of LEDs arranged 
in a straight line. However, alternative designs are also con 
ceivable such as, for example, in a curved fashion. If the 
invention is implemented in vehicle, e.g., a car, an array of IR 
light sources may be arranged on a windscreen post arranged 
such that the light emitted is directed onto the eye or eyes of 
the driver. In an alternative design, an array of IR light sources 
may be arranged on the upper side of the instrument panel 
such that light emitted is reflected by the windscreen onto the 
eye or eyes of the driver. The image sensor may be arranged 

Sep. 30, 2010 

such that the light reflected from the eyes can be captured 
directly or via a further reflection on the windscreen. 
0040. According to embodiments of the present invention, 
the IR or NIR sources may emit modulated IR light for 
thereby being distinguishable from disturbing background 
light, for example, in a vehicle application background light 
from traffic signs, street lights, etc. In other words, the IR 
Sources may transmit multiplexed signals over the IR spec 
trum. This facilitates identifying of the glints in the sensor 
image sequence generated by the image sensor. Suitable 
modulation schemes include modulation with respect to time, 
Such as frequency modulation, phase-locking, pulse-width 
modulation and modulation by orthogonal codes. 
0041 Alternatively, the IR sources are synchronised and 
adapted to emit signals in separate time slots of a repetitive 
time frame. As another alternative, optical modulation can be 
used, wherein the IR sources emit at a specific wavelength, 
such as 750 nm, 850 nm and 950 nm, and absorption filters or 
dielectric filters are provided at the IR sensor to separate the 
light emitted by the sources from other light in the environ 
ment. As yet another alternative, IR signal sources can be 
made distinguishable from other disturbing light sources in 
the environment by providing them with a specific polariza 
tion characteristic. 

0042. The image sensor can be a 1D or 2D imaging device 
and IR or NIR image sensor may comprise a sensor Surface, 
which is preferably plane, and which is arranged at Some 
known distance from an optical aperture, such as a fixed or 
variable diaphragm, of the image sensor. This way, all light 
rays incident on the sensor Surface will pass essentially 
through a common point, namely the center of the optical 
aperture in the case of a pinhole camera model. In Gaussian 
optics, nodal points define the incident angles of the IR 
beams. 

0043. It is further possible to detect a position of an inci 
dent light ray from a reflection from an eye on the sensor 
surface. The position of the reflection may be a peak-intensity 
point, in which the maximal intensity is received or the cen 
troid for sub-pixel resolution. Thus, the virtual image of the 
light Sources on the eye, i.e., the pattern formed on the Sclera 
and/or the cornea, which is reflected back to the image sensor, 
will produce a glint pattern on the sensor Surface. That, is a 
glint image will be created. The glint image can be analysed 
in the spatial domain using, for example, techniques based on 
morphology Such as connected components, techniques 
based on gradients such as star bursts, techniques based on 
energy minimizing Such as active contours, or techniques 
based on feature detection Such as mean-shift or Viola-Jones, 
or in the frequency domain using, for example, fast fourier 
transforms, or in both using wavelet-based analysis. How 
ever, the way of obtaining information from the glint, pattern 
is not limited to these methods. 

0044. In one embodiment of the present invention, the size 
of the glint pattern on the image, e.g., the length of the arrays 
of glints, is used to determine the distance to the eye of the 
driver or operator to the array of LEDs. The radius of curva 
ture of the human eye can be approximated to r mm and may 
therefore be modeled as a convex mirror with a focal length: 
fr/2. Further, if the camera is calibrated, a magnifying factor, 
M, is known and thereby the distance to an object (eye) can be 
determined from the following: 
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0045. According to embodiments of the present invention, 
the drowsiness index may be used to alert the driver or opera 
tor that of an increased degree of drowsiness, for example, 
upon detection of that the drowsiness index has exceeded a 
predetermined threshold. The determining unit or a control 
unit controlling the drowsiness monitoring system may alert 
the driver or operator via an alert system. If implemented in a 
vehicle, the alert System may use the preexisting onboard 
computer of the vehicle to alert the driver using the radio, 
existing alarm tones and/or alarm light for the seatbelt and/or 
door detections system. Other alert systems such as an alarm 
with audible and visual displays could be included into the 
alert System. The alert system may also include a vibrating 
element for causing the seat to vibrate. 
0046. As will be apparent from this specification and 
claims, the present invention can be implemented in a number 
different applications, except from vehicles, including moni 
toring the pilot of an aircraft, and in areas involving related 
occupations such as train drivers and operators of equipment 
Such as cranes and industrial machinery in general. 
0047. As the skilled person realizes, steps of the methods 
according to the present invention, as well as preferred 
embodiments thereof, are Suitable to realize as computer pro 
gram or as a computer readable medium. 
0048. These and other aspects of the invention will be 
apparent from and elucidated with reference to the embodi 
ments described hereinafter. All terms used herein are to be 
interpreted according to their ordinary meaning in the tech 
nical field, unless explicitly defined otherwise herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0049 Embodiments of the present invention will be 
described with reference to the accompanying drawings, on 
which: 
0050 FIG. 1 is a schematic drawing of a system for moni 
toring drowsiness implemented in a vehicle in accordance 
with the present invention; 
0051 FIG. 2 is a perspective view of the eye illustrating 
principles of the present invention; 
0052 FIG. 3 is a perspective view of the eye fully open in 
which the glints from an array of LEDs can be seen in accor 
dance with the present invention; 
0053 FIG. 4 is a perspective view of the eye semi-closed 
in which the glints from some of the LEDS of an array of 
LEDs can be seen in accordance with the present invention; 
0054 FIG. 5 is a schematic drawing of another embodi 
ment of the system for monitoring drowsiness implemented 
in a vehicle in accordance with the present invention; and 
0055 FIG. 6 is a schematic drawing of a system for moni 
toring drowsiness implemented in machinery equipment in 
accordance with the present invention. 

DETAILED DESCRIPTION OF EMBODIMENTS 
OF THE INVENTION 

0056. The present invention relates to a drowsiness moni 
toring system. The embodiments disclosed herein are merely 
exemplary or representative of the present invention. The 
present invention is not to be limited to the specific disclo 
Sured presented herein. 
0057 With reference generally to FIGS. 1-6, embodi 
ments of the present invention will be described. In FIG. 1, a 
part of a vehicle, for example, a car in which the present 
invention can be implemented is schematically shown in 
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cross-section. An array or set of IR or NIR light sources 
12a-12g are arranged on a windscreen post 13 of a vehicle 10. 
In this illustrated embodiment of the present invention, the set 
of light Sources includes seven light Sources, e.g., LEDs, 
12a-12g. 
0058. In connection to this, it should be pointed out that 
this is merely exemplifying, and the set of light Sources may 
include, for example, five, eight or nine light sources. The 
higher number of light sources arranged in the set, the higher 
resolution of the eye lid movement is possible to achieve. 
However, the resolution also depends, inter alia, on factors 
Such as the distance between the set of light Sources and the 
eyes of the driver, the distance between the individual light 
Sources, the amount of emitted light that actually impinges on 
the eye, the amount of light reflected from the eye that is 
captured by the light sensor, the image processing of the 
images including the reflected light (i.e., the glints), etc. One 
key characteristic of the set of light sources 12a-12g is how 
ever that it should be arranged such that at least an amount of 
the emitted light impinges on the Sclera and/or the cornea of 
the driver, which amount must be sufficiently high to be 
reflected by the eye such that the reflection can be captured by 
an image sensor. In this embodiment, the set of light Sources 
is arranged as an array in a straight line. 
0059 Alternative designs are also conceivable such as, for 
example, arranging the set of light sources in a curved fash 
ion. If implemented in vehicle, the set light Sources may be 
arranged on the upper side of an instrument panel 14 Such that 
light emitted is reflected by the windscreen (see FIG. 5) onto 
the eye or eyes (i.e., the sclera and/or the cornea) of the driver. 
The light sources are in this embodiment LEDs adapted to 
emit light in, for example, 750 nm, 850 nm or 950 nm. 
0060. In order to improve the accuracy of the drowsiness 
monitoring, the IR or NIR sources may emit modulated IR 
light for thereby being distinguishable from disturbing back 
ground light, for example, in a vehicle application back 
ground light from traffic signs, street lights, etc. In other 
words, the IR sources may transmit multiplexed signals over 
the IR spectrum. This facilitates identifying of the glints in the 
sensor image sequence generated by the image sensor. Suit 
able modulation schemes include modulation with respect to 
time. Such as frequency modulation, pulse-width modulation 
and modulation by orthogonal codes. Alternatively, the IR 
Sources are synchronised and adapted to emit signals in sepa 
rate time slots of a repetitive time frame. As another alterna 
tive, absorption filters or dielectric filters are provided at the 
IR sensors to remove light from other sources. A further 
alternative may be to provide the IR signal sources with a 
specific polarization characteristic. 
0061 Thus, an amount of the emitted light 15 from the 
respective light Source 12a-12g impinges on the eye 9, i.e., on 
the sclera and/or the cornea, of the driver 11 and thereby 
produces a virtual image on the Sclera and/or the cornea, see 
FIGS. 2-4. The light that impinges on the eye 9 thereby 
producing the virtual image will be reflected 16 and an image 
sensor 17 is positioned such that it is capable of capturing an 
amount of the reflected light 16. For example, the image 
sensor may be located on the instrument panel 14 or may be 
integrated in the instrument panel 14. The image sensor 17 
may be a camera unit that is sensitive for IR radiation, for 
example, a silicon-based digital cameras having a good sen 
sibility in the near IR spectrum. The image sensor can be a 1D 
or 2D imaging device and the IR or NIR image sensor may 
comprise a sensor Surface, which is preferably plane, and 
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which is arranged at Some known distance from an optical 
aperture. Such as a fixed or variable diaphragm, of the image 
SSO. 

0062. Thus, the virtual image of the light sources on the 
eye, i.e., the pattern formed on the Sclera and/or the cornea, 
which is reflected back to the image sensor 17, will produce a 
glint pattern on the sensor Surface. That is, in each Snapshot a 
glint image will be created and over a sequence of images the 
glint pattern during different eyelid positions will hence be 
captured by the image sensor 17. 
0063. An image processing unit 18 is connected to the 
image sensor 17. The glint image can be analysed in the 
spatial domain using, for example, techniques based on mor 
phology Such as gradient edge detection techniques including 
Sobel, Prewitt, Robert, Canny or star burst in combination 
with connected components, finding Zero crossing by com 
bination of Gaussian filtering and Laplacian derivation, tech 
niques based on energy minimizing Such as active contours, 
or techniques based on feature detection Such as mean-shift or 
Viola-Jones, or in the frequency domain using, for example, 
fast fourier transforms, or in both using wavelet-based analy 
S1S. 

0064. However, the way of obtaining information from the 
glint pattern is not limited to these methods. The image pro 
cessing unit 18 is thus adapted to extract information of the 
glints in each image by processing the images using an image 
processing algorithm, as discussed above. Further, a deter 
mining unit 19 is connected to the image processing unit 18 
and is adapted to determine a drowsiness index based on the 
extracted information of the glints of a sequence of images, 
wherein the drowsiness index indicates a degree of drowsi 
ness. The operation of the set of light sources 12a-12g, the 
image sensor 17, the image processing unit 18, and the deter 
mining unit 19 may be controlled by a control unit 20. 
0065. In one embodiment, the image sensor 17, the image 
processing unit 18, and the determining unit 19 are integrated 
into the control unit 20. In an alternative embodiment, the 
control unit 20 (and/or the image sensor 17, the image pro 
cessing unit 18, and the determining unit 19) is integrated into 
an onboard computer of the vehicle or a central processing 
unit adapted for onboard configuration within the vehicle. 
0066. The control unit 20 also includes a storage unit for 
storing, for example, time series data or data recorded with a 
time signature of the glint pattern information obtained from 
the image sensor 17 or time series data of the drowsiness 
index. 

0067. The determining unit 19 may in one embodiment be 
adapted to calculate or determine an amplitude measure, 
which may correspond to the following. 
0068 A spatial measure, for example, a center distance 
between a first identified glint and a last identified glint in the 
glint pattern or the half value distance between the first and 
the last glint. 
0069. A frequency measure. After (fast) fourier transform 

is the spectral width inversely proportional to the spatial 
width. If the glint pattern has a spatial extension of Delta X, 
the spectral width will be Delta f, where Delta X*Delta f-C 
(constant). In the frequency domain, the amplitude measure is 
equal to C/Delta f. 
0070. Using wavelets, the measure of overlap of the base 
function is valid in both the spatial and the frequency plane. A 
predetermined value may be given to each overlap in the 
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spatial and frequency plane and the amplitude measure may 
correspond to a sum of the overlaps that satisfies predeter 
mined criteria. 
0071. The amplitude measures for successive images may 
form an amplitude curve over time corresponding to the eye 
movement cycles or eyelid positions over time of the driver or 
operator. Generally, a high value of the amplitude measure 
corresponds to an eyelid position for a fully or near fully open 
eye and, correspondingly, when the amplitude measure has a 
low value it corresponds to an eyelid position for a closed or 
nearly closed eye. 
0072 The drowsiness index may be determined using the 
amplitude measure. The amplitude measure may be raw data 
or may be filtered using, for example, any one of the following 
techniques: moving average, Gaussian filtering, Low-pass 
finite impulse response (FIR) filtering, and Kalman filtering. 
0073. In embodiments of the present invention, the deter 
mining unit 19 is adapted to calculate one or several of the 
following parameters a)-h) using the time series of the ampli 
tude measure, wherein: 
0074 a) a value of the amplitude measure during a prede 
termined period of time corresponding to a predetermined 
number of images; and/or 
0075 b) a negative time derivative of the amplitude mea 
Sure during the predetermined period of time; and/or 
0076 c) a time derivative during the predetermined period 
of time; and/or 
0077 d) a period of time between two consecutive ampli 
tude values of the amplitude measure; and/or 
0078 e) a period of time when the amplitude measure is 
below a predetermined threshold during the predetermined 
period of time; 
0079 f) a period of time when the amplitude measure is 
above a predetermined threshold during the predetermined 
period of time; and/or 
0080 g) a time derivative profile of the amplitude measure 
of a sub-period of the predetermined period of time; and/or 
I0081 h) a morphology of the amplitude measure during 
the predetermined period of time. 
I0082. The determining unit 19 is adapted to base the 
drowsiness index on one of or a combination of two or several 
of the parameters a)-h). As the skilled person realizes, there 
are other parameters that are conceivable. In one embodi 
ment, the predetermined period of time corresponds to an eye 
lid movement cycle, i.e., a period starting when the amplitude 
of the eye opening has a maximal value and ending when the 
amplitude of the eye opening has reached the maximal value 
again after a period of eye closure (i.e., a blink of the eye) and 
a minimum period of time depends on the sampling rate. The 
number of images obtained during Such a cycle will of course 
depend on the sampling rate of the image sensor and image 
processing unit. 
I0083. An alert person blinks, to a large extent, with rapid, 
“re-wetting blinks. The typical movement pattern of such 
rapid blinks is that the eye is closed very rapidly (the eyelid 
moves rapidly downward to close the eye) and is opened 
somewhat slower (the eyelid opens somewhat slower than it 
closes in this case). The total blink length, i.e., the cycle from 
a fully open eye to a closed eye and back again to a fully 
opened eye, is about 100-300 ms. For a tired person, this rate 
of speed between the closure and the opening will be inverted 
or evened out in that the closure movement and the opening 
movement will occur at approximately the same speed. 
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0084. This occurs substantially without an increased total 
length of the total blink length. An increased tiredness may 
also result in longer periods during which the eye is closed. 
This is often accompanied by a much slower closure speed 
than opening speed. 
0085. Furthermore, an increased tiredness may also result 
in a higher blinking frequency and a higher number of incom 
plete blinks (i.e., the eye is not completely closed, which is the 
case in “re-wetting blinks). These characteristics of 
increased tiredness can be approximated using, for example, 
one or more of the calculated parameters a-h, and the drowsi 
ness index may based on any one of or a combination of the 
relation between blinking amplitude and maximum closure 
speed; blinking frequency; or period of time during which the 
eye is closed integrated over a longer period of time (PER 
CLOS) or as a relation between slow blinks and fast blinks. 
I0086. Further, the determining unit 19 may be adapted to 
alert the driver 11 or operator of an increased degree of 
drowsiness when the drowsiness indeX exceeds a predeter 
mined drowsiness index threshold. In an embodiment of the 
present invention, an alert System 21 is adapted to notify the 
driver 11 or operator of an increased degree of drowsiness 
when the drowsiness index has exceeded the predetermined 
drowsiness index threshold. The alert system 21 may use the 
preexisting onboard computer of the vehicle to alert the driver 
using the radio, existing alarm tones and/or alarm light for the 
seatbelt and/or door detections system. Other alert systems 21 
Such as an alarm with audible and visual displays could be 
included into the alert system. The alert system 21 may also 
include a vibrating element for causing the seat to vibrate. 
0087. According to one embodiment of the present inven 

tion, the array of light sources is positioned about 70 cm from 
the eyes of the driver or operator and seven light sources are 
arranged in the array with a distance of about 10 cm between 
adjacent light sources (in a vertical direction). Hence, the 
array will have a vertical length of about 70 cm and may, for 
example, be mounted on the windscreen post as shown in 
FIG. 1. The radius of curvature of the human eye can be 
approximated to 8 mm and may therefore be modeled as a 
convex mirror with a focal length, f, of 4 mm. An object (eye) 
distance, d, of 70 cm is therefore de-magnified 174 times 
according to the following: 

0088. The array having a vertical length of about 70 cm 
therefore produces a 4 mm long glint pattern on the cornea. 
This is shown in FIGS. 2-4. In FIG. 2, the principle of the 
present invention is schematically illustrated. An array of 
LEDs 22a-22g is positioned or oriented such that a substan 
tial amount of the emitted light 27a-27g from respective LED 
impinges on the eye 24 e.g., on the Sclera 25 and/or the cornea 
26 of a driver or an operator. The array of LEDs 22a-22g 
shown is merely exemplifying. FIG. 3 is a schematic drawing 
of a fully open eye where the array of seven LEDs imaged 
onto the cornea is illustrated. The glint pattern includes seven 
distinct glints 32a-32g, one for each respective LED, images 
onto the cornea 33 of the eye 34. 
0089. In FIG. 4, it is schematically illustrated a semi 
closed eye. In this position of the eye-lid, the eye-lid 35 will 
occlude apart of the cornea33, which results in that only three 
LEDs 32e-32fare reflected by the cornea and only these three 
LEDs will produce glints on the sensor image. Hence, the 
present invention provides a system and method that are 
capable of detecting eye-lid position with a high degree of 
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accuracy and reliability under varying conditions and accord 
ingly, which may be used to determine eye opening/closure 
amplitude. 
0090 Accordingly, when the eye is wide open, the glints 
from all light sources can be identified in the sensor image of 
the eye and, for a semi-closed eye, the eye-lid will occlude 
Some or all of the glints, and consequently, only a Sub-set of 
the glints from the set of illuminators can be identified in the 
sensor image. Based on this information regarding the iden 
tified glints, a position of the eye-lid can be determined. In 
principle, the glint pattern of the sensor image function as a 
measuring-rod in that depending on the number of reflections 
being visible? occluded at a given point of time, a measure of 
the closuring/opening degree can be determined. 
0091. By determining a measure of the closuring/opening 
degree over time, for example, an eye closure pattern over 
time can be determined. A larger array of LEDs could cover 
the whole eye and provide a more precise and accurate mea 
Surement of eye-lid closure. Instead of increasing the linear 
size of the array, some LEDs could be positioned closer to the 
driver or operator or be positioned such that the emitted light 
is reflected of a concave of convex surface as will be discussed 
below. 
0092. With reference now to FIG. 5, an alternative 
embodiment of the present invention will be briefly dis 
cussed. Description of same or corresponding parts, units, or 
components having been discussed in connection to FIGS. 1 
and 5 will be omitted. In this embodiment, an array of light 
sources 30, e.g., LEDs, is arranged on the instrument panel 
32. The array of light sources 30 is positioned such that 
emitted light 34 will be reflected by the windscreen 35 and is 
further directed to impinge onto the eye 9 of the driver 11. 
(0093 Turning now to FIG. 6, a further embodiment of the 
present invention will be briefly discussed. Description of 
same or corresponding parts, units, or components having 
been discussed in connection to FIGS. 1 and 5 will be omitted. 
In this embodiment, an array of light sources 40, e.g., LEDs, 
is arranged on a machinery equipment 42 and is positioned 
such that a substantial amount of the emitted light 44 will 
impinge on the eye 39 of an operator 45. The light that 
impinges on the eye thereby producing the virtual image will 
be reflected 46 and an image sensor 47 is positioned such that 
it is capable of capturing a Substantial amount of the reflected 
light 46. 
0094. The image sensor 47 may be of a similar type as 
described above. An image processing unit 48, e.g., of the 
type described above, is connected to the image sensor 47. 
Further, a determining unit 49 is connected to the image 
processing unit 48 and is adapted to determine a drowsiness 
index based on the extracted information of the glints of a 
sequence of images, wherein the drowsiness index indicates a 
degree of drowsiness inaccordance with the description given 
above. 
0.095 The operation of the array of light sources 40, the 
image sensor 47, the image processing unit 48, and the deter 
mining unit 49 may be controlled by a control unit 50. In one 
embodiment, the image sensor 47, the image processing unit 
48, and the determining unit 49 are integrated into the control 
unit 50. In an alternative embodiment, the control unit 50 
(and/or the image sensor 47, the image processing unit 48, 
and the determining unit 49) is integrated into a control com 
puter of the machinery equipment 42 or a central processing 
unit adapted for configuration within the machinery equip 
ment 42. 
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0096. The control unit 50 also includes a storage unit for 
storing time series data or data recorded with a time signature 
of the glint pattern information obtained from the image 
sensor 47. Further, the determining unit 49 may be adapted to 
alert the operator 45 of an increased degree of drowsiness 
when the drowsiness index exceeds a predetermined drowsi 
ness index threshold. 

0097. In an embodiment of the present invention, an alert 
system 51 is adapted to notify the driver 45 or operator of an 
increased degree of drowsiness when the drowsiness index 
has exceeded the predetermined drowsiness index threshold. 
The alert system 51 may use the preexisting computer of the 
machinery to alert the operator using, for example, existing 
alarm tones and/or alarm light for process stop. Other alert 
systems 51 Such as an alarm with audible and visual displays 
could be included into the alert system. 
0098. While the invention disclosed herein has been 
described by specific embodiments and applications thereof, 
numerous modifications and variations could be made therein 
by those skilled in the art without departing from the scope of 
the inventions, which is defined by the appended claims. 

1. A monitoring system for monitoring and/or predicting 
drowsiness of a driver of a vehicle or a machinery operator, 
the system being adapted to be arranged in the vehicle or at the 
machinery, comprising: 

a set of infrared or near infrared light sources, each light 
Source being arranged in the vehicle or at the machinery 
such that a substantial amount of the light emitted from 
the light source incidents on an eye of the driver or 
operator, the emitted light thereby forming a virtual 
image of the signal Source on the eye including the 
COrnea, 

an image sensor arranged and oriented Such that light 
reflected from the eye can be captured in an image and 
adapted to generate consecutive images forming a 
sequence of images over time, wherein each image con 
tains glints from at least Subset of the light sources; 

an image processing unit adapted to extract information of 
the glints in the images by processing the images using 
an image processing algorithm; and 

a determining unit adapted to determine a drowsiness index 
based on the extracted information of the glints of the 
sequence of images, wherein the drowsiness index indi 
cates a degree of drowsiness. 

2. The system according to claim 1, wherein said image 
processing unit is adapted to identify glints in the image 
corresponding to reflected light from respective light sources, 
wherein the extracted information includes a measure of 
glints being proportional to a number of glints identified in an 
image. 

3. The system according to claim 1, wherein said determin 
ing unit is adapted to: 

determine an amplitude measure for each image or a num 
ber of images based on the identified glints, wherein the 
amplitude measure is based on at least one of a fre 
quency measure, a spatial measure, and a wavelet based 
measure; and 

determine the drowsiness index using the amplitude mea 
S. 

4. The system according to claim3, wherein said determin 
ing unit is adapted to calculate at least one of the following 
parameters a)-h): 
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a) a value of the amplitude measure during a predetermined 
period of time corresponding to a predetermined number 
of images; 

b) negative time derivative of the amplitude measure dur 
ing the predetermined period of time; 

c) a time derivative during the predetermined period of 
time; 

d) a period of time between two consecutive amplitude 
values of the amplitude measure; 

e) a period of time when the amplitude measure is below a 
predetermined threshold during the predetermined 
period of time; 

f) a period of time when the amplitude measure is above a 
predetermined threshold during the predetermined 
period of time; 

g) a time derivative profile of the amplitude measure of a 
sub-period of the predetermined period of time; and 

h) a morphology of the amplitude measure during the pre 
determined period of time; and 

wherein said determining unit is adapted to base the 
drowsiness index on at least one of the parameters a)-h). 

5. The system according to claim 4, wherein said determin 
ing unit is adapted to determine the drowsiness index, based 
on at least one of the parameters a)-h), to correspond to: 

a relation between a blinking amplitude and a maximum 
closure speed; 

a blinking frequency; and 
a period of time during which the eye is closed. 
6. The system according to claim 1, wherein said determin 

ing unit is adapted to alert the driver or operator of an 
increased degree of drowsiness when the drowsiness index 
exceeds a predetermined drowsiness index threshold. 

7. The system according to claim 5, further including an 
alert System, and wherein said determining unit is adapted to 
instruct said alert system to notify the driver or operator of an 
increased degree of drowsiness when the drowsiness index 
has exceeded the predetermined drowsiness index threshold, 
the notification being delivered by an alert signal comprising 
at least one of an alert tone, an alert Sound, an alert light signal 
and a vibration signal. 

8. The system according to claim 1, wherein the infrared or 
near infrared light is modulated light; and said image process 
ing unit is adapted to discriminate reflections of the infrared 
or near infrared light from other light reflections captured in 
the images based on the modulation. 

9. The system according to claim 8, wherein the modulated 
infrared or near infrared light is modulated with respect to at 
least one quantity in a group comprising time, wavelength and 
polarization. 

10. A method for monitoring and/or predicting drowsiness 
of a driver of a vehicle or a machinery operator, comprising: 

emitting light using a set of infrared or near infrared light 
Sources, each light source being arranged in the vehicle 
or at the machinery such that a Substantial amount of the 
light emitted from said light source incidents on an eye 
of the driver or operator, the emitted light thereby form 
ing a virtual image of said signal Source on the eye 
including the cornea; 

capturing light reflected from the eye in an image using an 
image sensor, 

generate consecutive images forming a sequence of images 
over time, wherein each image contains glints from at 
least a Subset of said light Sources; 
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processing the images to extract information of the glints; 
and 

determining a drowsiness index based on the extracted 
information of the glints of the sequence of images, 
wherein the drowsiness index indicates a degree of 
drowsiness. 

11. The method according to claim 10, further comprising 
identifying glints in the image corresponding to reflected 
light from respective light sources, wherein the extracted 
information includes a measure of glints being proportional 
to a number of glints identified in an image. 

12. The method according to claim 11, further comprising: 
determining an amplitude measure for each image or a 
number of images based on the identifiedglints, wherein 
the amplitude measure is based on a frequency measure, 
a spatial measure or a wavelet based measure; and 

determining the drowsiness index using the amplitude 
CaSU. 

13. The method according to claim 12, further comprising 
calculating at least one of the following parameters a)-h): 

a) a maximum value of the amplitude measure during a 
predetermined period of time corresponding to a prede 
termined number of images; 

b) a maximum negative time derivative of the amplitude 
measure during the predetermined period of time; 

c) a maximum time derivative during the predetermined 
period of time; 

d) a period of time between two consecutive maximum 
amplitude values of the amplitude measure; 

e) a period of time when the amplitude measure is below a 
predetermined threshold during the predetermined 
period of time; 

f) a period of time when the amplitude measure is above a 
predetermined threshold during the predetermined 
period of time; 
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g) a time derivative profile of the amplitude measure of a 
sub-period of the predetermined period of time; 

h) a morphology of the amplitude measure during the pre 
determined period of time; and 

wherein determining the drowsiness index is based on at 
least one of the parameters a)-h). 

14. The method according to claim 13, further comprising 
determining the drowsiness index, based on at least one of the 
parametersa)-h), to correspond to a relation between a blink 
ing amplitude and a maximum closure speed, a blinking 
frequency or a period of time during which the eye is closed. 

15. The method according to claim 10, further comprising 
alerting the driver or operator of an increased degree of 
drowsiness when the drowsiness indeX exceeds a predeter 
mined drowsiness index threshold. 

16. The method according to claim 15, further including 
notifying the driver or operator of an increased degree of 
drowsiness when the drowsiness index has exceeded the pre 
determined drowsiness index threshold, the notification being 
delivered by an alert signal including at least one of an alert 
tone, an alert Sound, an alert light signal, and a vibration 
signal. 

17. The method according to any claim 10, further com 
pr1S1ng: 

modulating the light emitted from said light Sources; and 
discriminating reflections of said infrared or near infrared 

light from other light reflections captured in the images 
based on the modulation. 

18. The method according to claim 17, wherein the modu 
lated infrared or near infrared light is modulated with respect 
to at least one quantity in a group consisting of time, wave 
length and polarization. 

c c c c c 


